Introduction {#sec1-1}
============

During 1953--1956, a number of Japanese inhabitants suffered from chronic methylmercury poisoning due to high concentrations of edible methylmercury (MeHg), which later presented as Minamata disease 10--20 years after cessation of exposure to MeHg (Yorifuji et al., 2009). Studies have shown that MeHg can directly enter the brain by crossing the blood-brain barrier and accumulate in the hippocampus (Eto et al., 2002; Li et al., 2005; Yin et al., 2011; Roda et al., 2012). Eto et al. (2002) detected severe neurological damage in the cerebral cortex and spongy degeneration in marmosets exposed to MeHg using MRI. Increasing evidence from recent studies has demonstrated that patients have impaired cognitive function following MeHg injury, which is attributed to hippocampal damage (Yin et al., 2011; Roda et al., 2012). In related animal experiments, MeHg chloride (MeHgCl) was shown to affect learning/memory ability and the ultrastructure of hippocampal neurons (Li et al., 2005). At present, there is no non-invasive, safe, and accurate method to detect hippocampal damage (Coccini et al., 2010). Proton magnetic resonance spectroscopy (^1^H-MRS) is one method that can be used to detect the metabolism of *in vivo* chemicals in a non-invasive manner, and provide valuable information for the diagnosis and treatment of diseases. In fact, this method has already been applied for the early diagnosis and prevention of cognitive impairment (Christiansen et al., 1993). Therefore, the present study aimed to explore the possibility of detecting methylmercury-induced hippocampal damage in rats using ^1^H-MRS.

Materials and Methods {#sec1-2}
=====================

Establishment of MeHgCl poisoning model {#sec2-1}
---------------------------------------

Thirty healthy adult male Sprague-Dawley rats, of specific pathogen free grade, weighing 30--40 g, were provided by the ABSL-III Laboratory, Wuhan University, China (license No. SCXK (E) 2008-0004). Animals were housed in a closed sterile animal room, at 20 ± 2°C under a 12-hour alternating cycle (light 8:00 a.m.; dark 8:00 p.m.). The study conformed to *the Guide for the Care and Use of Laboratory Animals*, published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996), and the protocol was approved by the Institutional Animal Care Committee from Wuhan University in China.

Rats were randomly divided into three groups: high-dose MeHgCl, low-dose MeHgCl and control groups. Each group contained 10 rats. After 1 week of feeding, rats were subcutaneously injected with 4 mg/kg of MeHgCl (high-dose; Merck, Darmstadt, Germany), 2 mg/kg of MeHgCl (low-dose), and 4 mL/kg saline (control). The subcutaneous injection was given for 50 consecutive days. Two rats in the high-dose group were excluded owing to skin ulcers, infection and death caused by MeHgCl.

Morris water maze test for cognitive behavior {#sec2-2}
---------------------------------------------

The water maze tests were performed 1 week after administration of MeHgCl. The Morris water maze apparatus (Beijing Zhongshi Dichuang Science and Technology Development Co., Ltd., Beijing, China) was used to test spatial learning and memory, as well as cognitive behavior, according to a previously described method (Arias et al., 2014). The tests consisted of a navigation test and a spatial probe test.

### Navigation test {#sec3-1}

The navigation test was performed to detect the spatial learning and memory capacity of rats. There were four trials per session and one session per day. For a complete test, a total of five sessions over 5 days were given. In each of the four trials, the animals were placed randomly at four different starting positions (A, B, C, D) at the junction between two adjacent quadrants. The time that an individual rat spent to reach the platform was recorded as the escape latency. The animals were allowed 60 seconds to find the platform. If an animal could not find the platform within 60 seconds, it was guided with a stick to the platform. After mounting the platform, the animals were allowed to stay there for 30 seconds, and the escape latency was recorded as 60 seconds. The training was performed at intervals of 1 hour.

### Spatial probe test {#sec3-2}

The spatial probe test was performed 24 hours after the navigation test was completed, to detect the platform memory capacity of rats. The platform was removed from the pool at 6 days and rats were placed at a unique starting location (E point). The number of times rats crossed the former platform location and the percentage of time spent in the former platform quadrant were recorded over 30 seconds. Each rat performed the task once.

^1^H-MRS detection of rat hippocampal ultrastructure {#sec2-3}
----------------------------------------------------

At 7 days after the Morris water maze test was completed, the right hippocampus was photographed using ^1^H-MRS as previously described (Coccini et al., 2010). Each group contained eight rats. The scanning room was maintained at 20--22°C and imaging was performed with the Bruker Biospect 7.0 T/20 cm magnetic resonance imager for small animals (Bruker, Bremen, Germany). Sprague-Dawley rats were anesthetized with 10% (v/v) chloral hydrate (0.3 mL/100 g) *via* intraperitoneal injection, and placed in a 60 mm dual-channel RF coil. T1-weighted images were captured using spin-echo sequence and T2-weighted images (T2WI) were captured using rapid acquisition with relaxation enhancement sequence. The axial and sagittal T2WI were collected, and the region of interest was defined as the right hippocampus (**[Figure 1](#F1){ref-type="fig"}**). Avoiding interference from the skull and cerebrospinal fluid, shimming and water suppression were performed using automatic scanning. The free induction signal was acquired for Fourier transformation analysis. The imaging data were phased and corrected using Bruker topspin software. The changes of signal intensity of various metabolites such as nitrogen-acetyl aspartate (NAA) 2.01 ppm, choline compound (Cho) 3.22 ppm, creatine (Cr) 3.03 ppm and myo-inositol (mI) 3.28 ppm were observed. The peak under the curve of the metabolites was calculated and the percentage of each metabolite was also calculated, taking Cr as the reference. Peak area spectrophotometry was applied to calculate the NAA/Cr, Cho/Cr, mI/Cr ratios. Each rat was measured once and the results were averaged.

![Proton magnetic resonance spectroscopy of the right hippocampus of rats.\
The pane refers to the region of interest.](NRR-9-1616-g001){#F1}

Pathology of the rat hippocampus {#sec2-4}
--------------------------------

After ^1^H-MRS observation, rats were anesthetized with 10% (v/v) chloral hydrate (0.35 mL/100 g) and fixed in the supine position. The skin on the chest was disinfected with iodine, and an incision was made to fully expose the heart. Rats were rapidly perfused with saline and 4% (w/v) paraformaldehyde. Hippocampal and cortical tissues were harvested, fixed in paraformaldehyde, stained with hematoxylin-eosin, and observed under a microscope (Olympus, Tokyo, Japan) to observe changes in the morphology of rat hippocampal neurons.

A 1-mm incision was cut along the midline of the right hippocampus and then sectioned at a thickness of 1--2 mm at the sagittal plane. Sections were fixed and preserved in 2% (v/v) glutaraldehyde and subsequently prepared for observation under S-500A transmission electron microscope (Hitachi, Tokyo, Japan).

Statistical analysis {#sec2-5}
--------------------

Morris water maze data are expressed as mean ± SEM. ^1^H-MRS data are expressed as mean ± SD. SPSS 17.0 software (SPSS, Chicago, IL, USA) was used for one-way analysis of variance. Differences between groups were compared using independent samples *t*-test. A *P* \< 0.05 level was considered statistically significant.

Results {#sec1-3}
=======

Effect of different concentrations of MeHgCl on cognitive behavior of adult rats {#sec2-6}
--------------------------------------------------------------------------------

The results of the navigation test using the Morris water maze showed that the average escape latency of rats in the high-dose MeHgCl group were significantly longer than that of the control group (*P* \< 0.05), and also longer than that of the low-dose MeHgCl group (*P* \< 0.05). The low-dose MeHgCl group had a similar escape latency to the control group (*P* \> 0.05; **[Table 1](#T1){ref-type="table"}**).

###### 

Effect of methylmercury chloride (MeHgCl) exposure on the average escape latency (second) of rats in the Morris water maze

![](NRR-9-1616-g002)

The spatial probe test using the Morris water maze revealed that the high-dose MeHgCl group crossed the former platform location significantly more times when compared with the low-dose MeHgCl or control groups (*P* \< 0.05). No difference was observed between rats from the low-dose MeHgCl group and the control group (*P* \> 0.05; **[Figure 2](#F2){ref-type="fig"}**).

![Effect of methylmercury chloride (MeHgCl) exposure on the number of times rats crossed the former platform location during the spatial probe test.\
Data are expressed as the mean ± SEM of eight rats in each group. Data were analyzed using one-way analysis of variance. Differences between groups were compared using independent samples *t*-test. \**P* \< 0.05, *vs*. control group; \#*P* \< 0.05, *vs*. low-dose MeHgCl group.](NRR-9-1616-g003){#F2}

Effect of different concentrations of MeHgCl on hippocampal injury in adult rats {#sec2-7}
--------------------------------------------------------------------------------

Hematoxylin-eosin staining showed that there were a small number of hippocampal neurons in the high-dose MeHgCl group that appeared disorderly. In the low-dose MeHgCl group and control group, the hippocampal nerve cells were tightly arranged, had a regular morphology and intact membrane (**[Figure 3](#F3){ref-type="fig"}**).

![Effect of different concentrations of methylmercury chloride (MeHgCl) on hippocampal injury in adult rats (hematoxylin-eosin staining, × 100).\
(A) In the high-dose MeHgCl group, a small number of hippocampal neurons appeared disorderly. (B) In the low-dose MeHgCl group, hippocampal nerve cells were tightly arranged, had a regular morphology and intact membrane. (C) In the control group, the nerve cells in the hippocampus showed no obvious changes.](NRR-9-1616-g004){#F3}

Under transmission electron microscopy, Golgi complex hypertrophy, edema and expansion, and Golgi complex membrane dissolvement were observed in the dentate gyrus of the hippocampus of the high-dose MeHgCl group. Additionally, endoplasmic reticulum expansion, mitochondrial hypertrophy and edema of intercellular substances were visible. In the low-dose MeHgCl group, only the endoplasmic reticulum expanded and edema of intercellular substances was evident in the dentate gyrus. In the control group, hippocampal nerve cells were neatly arranged and had intact cell membranes. There were no obvious changes to mitochondria (**[Figure 4](#F4){ref-type="fig"}**).

![Effect of different concentrations of methylmercury chloride (MeHgCl) on the ultrastructure of hippocampal tissue in adult rats (transmission electron microscopy).\
In the high-dose MeHgCl group, edema of intercellular substances was observed in the hippocampus (A, × 40,000), the Golgi complex membrane dissolved and some Golgi bodies were swelled (B, × 10,000). In the low-dose MeHgCl group, no edema of intercellular substances were found in the hippocampus (C, × 40,000), and mitochondria were only partially swollen (D, × 10,000). In the control group, no interstitial edema was found in hippocampal cells (E, × 20,000), and mitochondria, endoplasmic reticula, and Golgi complexes appeared normal (F, × 40,000).](NRR-9-1616-g005){#F4}

Effect of different concentrations of MeHgCl on the hippocampus of adult rats as detected by ^1^H-MRS {#sec2-8}
-----------------------------------------------------------------------------------------------------

The ^1^H-MRS assay revealed that the NAA/Cr and Cho/Cr ratios were similar among the three groups (*P* \> 0.05; **[Table 2](#T2){ref-type="table"}**).

###### 

Effect of different concentrations of methylmercury chloride (MeHgCl) on metabolites in the right hippocampus of adult rats

![](NRR-9-1616-g006)

Discussion {#sec1-4}
==========

In this study, adult Sprague-Dawley rats were exposed to 4 and 2 mg/kg MeHgCl *via* subcutaneous injection for 50 days, to damage hippocampal neurons and cause cognitive impairment. Subsequently, cognitive function was determined using the Morris water maze test. The escape latency of rats in the high-dose MeHgCl group was significantly longer, and the number of times rats crossed the former platform quadrant decreased when compared with the low-dose and control groups. These results indicate that MeHgCl leads to impairment of cognitive behavior in rats.

Liu et al. (2009) found that Sprague-Dawley rats at 7--14 days after birth had a significantly reduced capability of performing the Morris water maze task after continuous exposure to 5 mg/kg MeHgCl for 7 days. This was consistent with the findings of Nishioku et al. (2000). Additionally, Kakita et al. (2000) and Goulet et al. (2003) showed that the motor, spatial and learning ability of neonatal rats in the Morris water maze was impaired after pregnant rats were exposed to MeHgCl during lactation. These results were supported by the findings of Gao et al. (2006). The results of the Morris water maze test in this study showed that neurotoxicity of certain doses. MeHgCl leads to damage of hippocampal neurons, which may affect the cognitive function of rats (Zhang et al., 2007).

After neonatal rats were exposed to low-dose poisons (1 mg/kg) (Ang and Lee, 2007), the number of cells in the hippocampus reduced, cell membrane rupture and nuclear condensation occurred and necrosis was visible. However, we did not detect pyknosis, membrane dissolvement or cytoplasmic overflow; hematoxylin-eosin staining revealed that the number of neurons was reduced and nerve cells were arranged in a disorderly manner after injection of high-dose MeHgCl, while these changes were not observed in the low-dose group. This indicates that adult rats have a strong capacity for repairing the damage caused by MeHgCl. Under electron microscopy, Golgi complex hypertrophy, edema and expansion were observed in the hippocampal dentate gyrus, and the Golgi complex membrane was dissolved. Additionally, endoplasmic reticula expanded, and mitochondrial hypertrophy and intercellular edema were apparent after injection of high-dose MeHgCl. In contrast, in the low-dose MeHgCl group, only endoplasmic reticulum expansion and intercellular edema were found in the hippocampal dentate gyrus. Gao et al. (2006) found that hippocampal ultrastructure was slightly changed, but that previously described characteristic features of mercury exposure, such as apoptosis and mitochondrial disintegration, were not evident. However, mercury exposure may affect normal development of the cerebellum and hippocampus.

At present, few efforts have been focused directly on studying proton spectroscopy of rats exposed to MeHgCl. Previous studies suggest that spectral characteristics in Alzheimer\'s patients include a decline of NAA and the elevation of mI (Baddeley, 2003; McHugh et al., 2007). In this study, we determined the concentration of the main metabolites in the hippocampus of rats exposed to MeHgCl using ^1^H-MRS. The results showed that the NRR/Cr ratio in the right hippocampus of rats was not changed after exposure to MeHgCl. This result could be due to brain volume and size, which were obviously increased during poisoning, resulting in dilution of the mercury concentration in the brain, and the initiation of self-repair. Therefore, the ^1^H-MRS assay revealed that the NAA/Cr, CHO/Cr, mI/Cr ratios in each group remained unchanged indicating that ^1^H-MRS cannot detect MeHgCl-induced hippocampal damage in adult rats.

***Funding:** This study was supported by the National Natural Science Foundation of China, No. 81060231, 81160338; Hubei Province Natural Science Foundation of China, No. 2013CFB277*.

**Conflicts of interest:** *None declared*.

Copyedited by Diwakarla S, Norman C, Yu J, Yang Y, Li CH, Song LP, Zhao M

[^1]: **Author contributions:** *Lu ZY and Tian JY were responsible for the study design. Wu JW and Cheng GY implemented the experiments. Lu ZQ performed statistical analysis. Lu ZY wrote the manuscript. Bi YY instructed the experiments and supervised the manuscript. All authors approved the final version of the manuscript*.
